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Abstract 
The two-dimensional relativistic electromagnetic current-line code "POISSON 2" was used for numerical modelling of 
the behaviour of a relativistic electron beam (REB) in external and internal electromagnetic f elds under various 
boundary conditions. The calculations confirmed that the generated beam is homogeneous and monoenergetic in 
a broad central region. In the case of cylindrical diode the mixing of electron trajectories was only observed in a narrow 
peripheral beam region. The formation of a virtual cathode (VC) by the REB propagating through the terminating foil 
into a vacuum region was also investigated. The dependencies of reflection coefficient of scattered beam by created VC on 
total beam current, beam energy, external magnetic field and on the length of vacuum drift tube were determined. Such 
data might be useful for additional plasma heating enerated via a two-stream instability in our experimental REBEX 
devices. 
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1. Mathematical model 
1.1. Basic equations 
The simulation model describes the behaviour of charged particles in external and internal 
selfconsistent electromagnetic fields [1]. Charged particle coordinates r and velocities v are 
determined by solving the equations of motion for ions or electrons in the relativistic ase: 
dp = Z{-grad  q~ + [v xB]} 
dt 
P 
moil  + (p/moc)2] 1/2 
wherep is the relativistic momentum ofthe charged particle with rest mass mo and charge Z; c is the 
speed of light, E = - grad q~ and B are selfconsistent electric and magnetic fields, respectively. The 
initial positions and velocities of the emitted particles are rlso = to, and Vlso = %. 
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Potential field q~ is related to space charge density p by Poisson's equation: 
10(0~0)  02~ p 
r Or r-~-r + Oz 2 -  eo 
where eo is the permittivity of free space. 
One of the following boundary conditions i accepted: 
q ls, = a(S) ,  
Oq9 s2 
-~n = b(S), 
8+ ~8_  
where a(S), b(S) are defined at boundaries $1 and $2, e+, e_ are the permittivities ofmaterials lying 
to the left and right of the boundary. 
The azimuthal component of the selfconsistent magnetic field is determined according to 
Biot-Savart's law: 
B~0 = --#° ' (r', z)r' dr', 
where j~ is the z-component of the total current density. 
In our simulation model the charged particle beam is described by tubes, the number of which is 
~< 100. Each tube is characterized by particle trajectories and the corresponding electric urrent. 
The space charge inside the tube is calculated from the continuity equation: 
divj = 0. 
The boundary current density on electrode surface So is jlso = jo(ro, %, q~), where jo follows from 
the Child-Langmuir emission law. 
Our approach is two-dimensional in spatial coordinates and three-dimensional in velocity space. 
The cylindrical coordinates are used. The rotation of beam particles round the symmetry axis or 
magnetic field lines was calculated. But, only the projection of this motion into the r, z-plane was 
depicted. We supposed that the generated REB is azimuthally symmetrical, and all field quantities 
(beam charge density p, beam current density j, potential q~, electric field intensity E and magnetic 
induction B) depend on the r, z-variables. From physical point of view, the azimuthal electric field 
component E~-0. In some cases, the internal azimuthal magnetic field induction is comparable 
with the external longitudinal one (by(r, z) ,,~ Bo), and this strongly affects the particle beam motion 
(beam pinching). 
1.2. Numerical method 
The above-mentioned equations are solved by the following relaxation method. The selfconsist- 
ent electromagnetic fields are determined in a selected spatial grid from the initial charge and 
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current densities. In the next relaxation step new tube shapes are determined according to the 
previously obtained ata. The new values of the field are then recalculated and interpolated at the 
grid point. The procedure is repeated for as many relaxation steps and stops as are required to 
achieve steady state. 
During this procedure the equations of particle motion (shape of each current ube) are solved by 
the 3rd-order Runge-Kutta method. It is assumed that the potential calculated from Poisson's 
equation has the following form: 
,;, o,r, if, 
q~(g)-47tgo s) lR - - - - r ldS+~ v) l I 
where o- is the surface charge density, p the volume charge density determined by the positions of 
charged particles. When the predicted potential tp(R) is introduced into the boundary condition, 
the set of Fredholm's equations is obtained. From this set the unknown surface charge density 
a (the potential tp) is obtained. 
This relaxation process may be unstable. Some field quantities (e.g., total beam current, electric 
field, selfconsistent magnetic field, emission current) may oscillate. We regulate the values of the 
tube current or charge density at the grid points to avoid unwanted changes of the field quantities. 
The approximated current 17 of the ith tube at the nth relaxation step is 17 = ~2,lgi + (1 - f2.)I~- 1; 
where I ° = 0, I~,i s obtained from the boundary condition (following the Child-Langmuir law) and 
0 < ~2 < 1 is the set of relaxation coefficients. A similar approximation is used for the space charge 
density relaxation (in this case 0 < If2, I < 1) and the code is sensitive to the signs of the relaxation 
coefficients). The selection of the relaxation process and the choice of the value of the relaxation 
coefficients determine the stability and convergency of the procedure. In this case, we decide to 
relax the space charge with small coefficient f2, - f2 = -0.075. 
2. The properties of REB 
In our numerical two-dimensional electromagnetic model we observe the behaviour of current 
tubes, emitted from the cathode surface, propagating through the plasma column and leaving the 
plasma body through the terminating foil into the evacuated chamber, see Fig. 1. 
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Fig. 1. Scheme of the REBEX facility: A - diode region, B - plasma column, C - vacuum drift tube, fa - anode foil, 
f, - terminating foil. 
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Three different regions can be seen within the REBEX volume: 
A. evacuated cathode-anode iode region where a high REB current is generated [2], 
B. plasma column through which the electron beam propagates (in this region the beam energy 
is imported to the plasma via excited two-stream instabilities), 
C. drift tube where the deep potential depression (virtual cathode - VC) is formed due to the 
negative space charge of relativistic electrons penetrating the plasma slab [3]. 
The evacuated part of the diode is separated from the anode plasma column by thin foil fa, the end 
of the plasma boundary is fixed by terminating foil f .  The foil material and its thickness trongly 
affects the angular velocity spread of the scattered beam particles. 
A multiple spatial grid was used with four zones in the radial direction and five zones in the 
longitudinal direction. Fine rectangular meshes (Ar = Az = 0.5 mm) were used at the periphery of the 
generated REB in diode region (A) and oblong meshes (At = 0.7 mm, Az = 2 mm) in vacuum drift 
tube region (C) near the bottom of VC. The total number of mesh points was equal to 38 x 78 = 2964. 
2.1. Performance of the magnetically insulated iode 
At the very beginning of the diode's performance the electrons were emitted by three fronts 
(KFR = 3) covering the central, peripheral and cylindrical part of the cathode surface. The electron 
beam was described by 30 + 40 + 20 = 90 tubes. The tube widths were comparable with the mesh 
grids. Tubes emitted by the peripheral part of the cathode had the minimum width 
/tb '~ 0.2 mm < Ar -~ Az. The initial value of the emission current density correlated with the 
Child-Langmuir law (TIP = 1). 
Steady-state r lativistic electron flow was achieved after 18 relaxation steps with relaxation 
coefficient I2 = -0.075. The value of the diode current was Ib --~ 76 kA. The central (peripheral) 
part of the beam carried -~ 56% (-~42%) of the total current. A small portion (~-2%) was emitted 
by the cylindrical part of the diode, where the electron emission was suppressed by the charge 
cumulated near the cathode surface. 
Emitted electrons are accelerated by the electric field and curved in external or internal magnetic 
fields. They are incident at different places of the anode surface. The dependence of beam current 
density Ja on the beam radius is seen in Fig. 2. The nearly homogeneous REB, with current beam 
density jz ~- 70 MA/m 2, was generated in region 0 ~> r/> 1.8 cm. The current beam density fell to 
zero at r > 2 cm. 
The beam particles truck the anode foil under angle of incidence = arctan(v,/vz). The value of 
the angle of incidence linearly decreased (e < 0 °) with increasing beam radius. The trajectory 
mixing occurred for the peripheral beam part r ~> 18.62 mm. Approximately 1/10 of the total beam 
current flowed in this narrow peripheral beam part (Arper-1.32 mm). The angle of incidence 
e chaotically varied its value.from -2  ° to -23  ° in this region. This phenomenon achieved by 
simulation was not predicted by the theory. It can be explained by the different conditions for 
emission of particles from fiat and cylindrical parts of cathode surface when the external longitudi- 
nal magnetic field is applied. The electric field intensity has its maximum on cathode dge. The 
emerging negative charge prevents the movement of electrons from cylindrical part of the cathode. 
Some electrons are reflected back, the others oscillate along the cathode surface. Those electrons 
which overcome the potential barrier strike the anode with chaotically distributed angles [3]. The 
results obtained might be used for further optimization of high-current foilless diodes. 
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Fig. 2. The radial dependence of beam current density Ja. Numerical simulation of cylindrical diode (solid line), 
theoretical calculation of planar diode (dashed line). 
2.2. The formation of EC behind the terminating foil 
When the REB is injected into the evacuated drift tube, the VC is created behind the terminating 
foil. Some particles are reflected back into the plasma column, the others propagate through the 
body of the VC. We define the reflection coefficient as ratio Q = Iap/Ib, where return current lap 
depends on aperture radius Rap. The dependence of reflection coefficient Q on the total beam 
current is depicted in Fig. 3. For relatively low values of beam current Ib ~< 20 kA only a negligible 
part of the beam current is reflected, and no return current propagates through the terminating 
aperture (Q = 0). For higher values of beam current lb-- 30 kA, a substantial part of the current 
flow is reflected back, but only a small portion flows through the terminating aperture back into 
the plasma column (Q-0.16). For a beam current Ib = 45 kA all tubes are reflected back by the 
VC, but approximately ½of the beam current flows through the aperture to the plasma body 
(Q - 0.5). 
The VC is divided into two unequal parts (see Fig. 4). The potential of depicted equipotentials 
changes from 0 kV at the drift tube boundary to -375 kV at the bottom of VC. Due to the 
cummulation of the beam charge in the front part of the VC, the potential is determined from the 
solution of Poisson's equation. In the back part, due to beam reflection, the resulting charge 
approaches zero. The potential isdetermined from Laplace's equation. The electric field is of higher 
intensity in the front part than in the remaining back part of the virtual cathode. 
The motion is purely two-dimensional, l particles lie in the r, z-plane. Both the electric field 
strength F~ = - e. E and the internal magnetic field strength F b =-- - -  e Iv. b] act on the particles in 
the r or z direction only. The magnetic field strength as a slightly focusing character for forward 
moving particles and a slightly defocusing character for backward moving particles. 
The application of external longitudinal magnetic field Bo strongly affects the reflection of REB 
by VC and the properties of the reflected beam. The dependence of reflection coefficient Q for REB 
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Fig. 3. The dependence of the reflection coefficient on the beam current and external magnetic field. 
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Fig. 4. The map of VC equipotentials and particle trajectories reflected by VC (Q = 0.68). 
(Eb = 350 keV, rb = 1.5 cm, rd, = 5 cm, lb  = 22.8 kA) on external magnetic field Bo is depicted in 
Fig. 3. For very low value Bo ~< 0.025 T the Larmor radius is greater than drift tube radius rot < rL, 
and the reflection coefficient is very low Q-0 .  The motion of beam particles is practically 
two-dimensional there. For higher values of magnetic field intensity B0 the particle motion 
becomes three-dimensional. The value of the reflection coefficient grows rapidly to Q = 0.4 for 
Bo = 0.1 T. In this case the Larmor radius is comparable with the drift tube radius; rL ~ rdt. The 
particles exert oscillatory motion with a period comparable to the length of the drift tube. In the 
range 0.1 T ~< Bo ~< 0.25 T (where r b ~ r L ~ rdt ) the reflection coefficient grows to Q = 1. We 
accomplished full reflection of REB by selfconsistently created VC under the presence of external 
magnetic field Bo = 0.25 T. All beam particles are reflected back through the terminating aperture 
into the plasma column and gyrate around magnetic field lines with rE ~ rb. For very high values of 
magnetic field Bo ~> 0.5 T, the reflected beam is fully magnetized, the relativistic electrons gyrate 
around the magnetic field lines whose Larmor radius is much smaller than the beam radius. The 
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resulting reflected REB behaves "one-dimensionally" and it is suitable for exciting a two-stream 
instability. 
3. Conclusion 
The generation and propagation of the relativistic electron beam through an anode plasma 
column has been studied numerically. The beam properties (homogeneity and angular spread of 
particles velocities) and arising electromagnetic fields (e.g., equipotentials of VC, internal azimuthal 
magnetic field) were determined with the help of the two-dimensional relativistic electromagnetic 
current-line code "POISSON 2". The calculations confirmed that the generated beam is homo- 
geneous and monoenergetic in a broad central region. The mixing of electron trajectories has only 
been observed in a narrow peripheral beam region. We have determined the dependence of the 
reflection coefficient of scattered REB by formating VC on beam parameters. Such data are useful 
for additional plasma heating generated via a two-stream instability in experimental REBEX 
devices. 
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